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Complex shaped nanoparticles featuring structural or surface chemical patchiness are of 
special interest in both fundamental and applied research areas. Here we report the 
preparation and optical properties of gold/silica “mushroom” nanoparticles, where a gold 
particle is only partially covered by the silica cap. The synthetic approach allows precise 
control over the particle structure. The interfacial preparation method relies on partially 
embedding the gold particles in a polystyrene layer that masks the immersed part of the gold 
particle during silica shell growth from an aqueous solution. By adjusting sacrificial 
polystyrene film thickness and silica growth time, precise control over the coverage and cap 
thickness can be achieved. Correlative electron microscopy and single particle scattering 
spectroscopy measurements underline the high precision and reproducibility of the method. 
The good agreement between the measured and simulated single particle spectra supported by 
near-field calculations indicates that the observed changes in the dipolar plasmon resonance 
are influenced by the extent of coverage of the gold core by the silica cap. The straightforward 
methods readily available for gold and silica surface modification using range of different 
(bio)molecules make these well-defined nanoscale objects excellent candidates to study 
fundamental processes of programmed self-assembly or application as theranostic agents. 
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1. Introduction 
Hierarchical structures consisting of nanoscale building blocks – especially anisotropic 
nanoparticles - have attracted much attention due to diverse physicochemical features 
associated with a single object.[1–4] The broken symmetry of the individual particles 
makes them suitable candidate for a range of largescale application, such as switchable 
display devices,[5] interface stabilizers[6] or antireflective coatings.[7] The individual 
particles on the other hand can take advantage of temperature or electric field gradients 
that will turn them into nanoscale self-motile objects.[8] For prospective applications, 
they have already demonstrated their potential in the field of catalysis,[9] drug 
delivery[10,11] and optical sensors.[12–14] 
With the development of advanced nanoparticle synthesis techniques, nanoparticles 
featuring shape and surface chemistry anisotropy (patchy particles) are intensively 
being used in more fundamental studies regarding self-assembly as well.[15–18] Both the 
morphology and the surface heterogeneity of the Janus particles has a profound impact 
on the assembly process. Chemical patchiness for instance can predefine the self- 
assembly of the building blocks, eventually leading even to the formation of responsive 
and reversible superstructures.[19] On the other hand, the complexity of the surface 
chemistry combined with the non-centrosymmetric geometry of the same particle can 
enable the preparation of complex structures such as dimers, trimers or helices.[20] The 
synthesis and directed assembly of Janus particles consisting of organic soft matter and 
polymers is a rapidly developing field as discussed in many recent excellent reviews 
(e.g. Refs. [15,21]). Generally, the size of the polymeric Janus particles is closer to the 
micron range. Inorganic Janus particles, especially multicompartment particles partly 
composed of noble metals still has many challenges. Bulk synthesis of plasmonic Janus 
particles has been successfully carried out e.g. by relying on interfacial nucleation of 
gold onto polymeric sub-micron particles[22] or competitive ligand coordination 
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combined with silica cap growth, resulting in acorn-like SiOx-Au particles.[23,24] 
Magnetic-plasmonic dumbbell particles have also been prepared in bulk for 
simultaneous magnetic and optical detection.[25,26] Similar Janus particles can be also 
obtained by relying on interfacial films of nanoparticles e.g. evaporating a thin layer of 
gold on a silica particle monolayer with successive annealing and growth,[27] or by 
partial entrapping silica particles in a polymer matrix, followed by gold seed particle 
adsorption at the exposed surface.[28] The presence of the solid interface was used by 
Miyanohata et al. to hinder the growth of a complete silica shell around gold 
nanoparticles, leading to an asymmetric particles structure since silica cannot be 
deposited at the substrate-particle contact point.[29] Nevertheless, fine control over the 
shell coverage remains a challenge, for which partial masking of the core particle 
surface is necessary. 
The focus of the present study is the development of hybrid silica-gold nanoparticles 
with mushroom-like Janus morphology, with excellent control over the resulting 
particle geometry. Symmetry breaking is achieved by embedding the gold 
nanoparticles in a polymer layer with well-defined thickness at an interface enabling 
partial exposure of the particle surface during wet-chemical silica shell growth. The 
synthesis procedure can be extended for the preparation of Janus particles with various 
shell thicknesses and core diameters. It provides an effective approach to produce 
asymmetric building blocks for colloidal molecules. 
2. Results and discussion 
In order to realize the preparation strategy outlined in Scheme 1, stable AuNPs in 
organic solvents with lower dielectric constant such as EtOH and toluene are required. 
This can be effectively achieved by PEGylation of the nanoparticles using mPEG-SH 
of appropriate molecular weight. Minimum three centrifuging/redispersing cycles were 
necessary to minimize water content in the alcosol, which otherwise leads to phase 
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separation when mixed with the PS@toluene solution and also leads to an 
inhomogeneous PS layer (see Figure S1 of the Supporting Information). 
	
Scheme 1. Schematic illustration of the multistep synthesis procedure. Spin coating of 
AuNPs in PS@toluene solution (a) results in a submonolayer of gold nanoparticles 
partially embedded in the polystyrene film on the substrate (b). Silica shell growth is 
carried out by submerging the whole substrate in the silica growth solution (c) and 
finally the sacrificial PS layer is removed by plasma etching (d).  
 
2.1. Verification of the preparation process 
The feasibility of the preparation approach is demonstrated by the SEM images 
recorded after each consecutive preparation step for the system consist of 66 nm 
AuNPs covered by 25 nm silica shell presented in Figure 1. As shown in Figure 1a, the 
toluene sol containing a certain ratio of PS and AuNPs is successfully spincoated onto 
a Si or glass substrate. The presence of the PS also promoted separation of the 
individual AuNPs, which otherwise (when spin-coated from a pure solvent in high 
number concentration) tend to form small 2D aggregates under the action of capillary 
forces. The as-prepared sample was immersed in a silica growth solution for 24 hours 
in this case. TEOS is known to easily deposit on PEG covered gold nanoparticle 
surfaces, leading to the formation of a well-defined, compact silica shell.[30] 
Performing the polycondensation reaction in the given system allows the site-selective 
deposition of silica at the exposed part of the nanoparticles, where the protective PS 
layer at the lower part of the particles hinders silica growth. The inset of Figure 1b 
shows a top-view image of a single particle; the presence of a well-defined, compact 
silica shell can be clearly observed. Due to the shell growth process the size of objects 
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in the top-view SEM pictures increased from 66 to 116 nm. When considering removal 
of the sacrificial PS layer, dissolution using toluene would be a possible approach. 
However, we used plasma etching to efficiently remove the organic film. The main 
advantages of plasma-etching in the present case is that it allows to preserve the 
original particle positions (particle-particle separation and particle orientation), which 
provides the basis for the correlative single particle spectroscopy, scanning electron 
microscopy and optical simulation studies. Solvent assisted removal and re-deposition 
e.g. by drop casting leads to a less defined sample (random particle 
position/orientation) and significant particle loss (see later below).  
	
Figure 1. Side-view scanning electron microscopy images of the particles recorded at 
different stage of the preparation process: directly after spin-coating (a), the silica shell 
growth (b), and after plasma etching for 1 and 3 minutes (c and d, respectively). The top-view 
insets in (a) and (b) show the presence of the silica shell after the growth process. Coverage: 
33%, shell thickness: 25 nm. 
 
Optimizing the duration of the etching allows to eliminate the PS layer without 
affecting the Janus nanoparticles. Figure 1c and d show that the etching process itself 
can be controlled to some extent simply by the duration of the plasma treatment. It is 
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important to point out, that this finding enables the preparation of nanoparticles with 
well-defined multiple patches by surface modification or further gold synthesis on the 
newly exposed surface of the core particle.[28] 
2.2. Fine-tuning the silica shell geometry (coverage and thickness) 
Two possible strategies can be followed to control the coverage of the gold particle by 
the silica shell, both rely on fine-tuning the thickness of the polystyrene film that 
provides the mask during the silica shell growth.  
The first strategy involves plasma treatment before performing the silica growth step 
(corresponding SEM images are shown in the Supporting Information Figure S2). This 
approach seems to be justified especially observing the as-deposited submonolayer 
directly after spin-coating (Figure 1a). The SEM images indicate that the surface of the 
gold nanoparticles above the PS film is not perfectly free of PS, but there might be also 
a small amount of PS present in this region as indicated by the relatively smooth 
contours between the planar PS film and the particle surface. Considering the plasma 
treatment, etching duration is the main control parameter. With increasing etching 
time, the thickness of the PS film decreases, however, it results in a heterogeneous, less 
uniform layer. Additionally, heating of the sample in this case is inevitable, that might 
also affect particle position or orientations once the temperature reaches the glass 
transition temperature.[31] Still, the most important detrimental consequence is that the 
relatively intensive plasma treatment not only etches the PS film, but also removes the 
PEG from the particle surface. This results in a less developed silica cap at after 
moderate (30 seconds) treatment, but as the thickness of the PS layer is significantly 
decreased after 2 minutes of etching, the resulting silica shell is less defined and silica 
deposition also proceeds underneath the particles directly at the substrate level, most 
probably due to the more efficient PS removal around the particle contours. 
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The second, more effective strategy relies on spin-coating parameter control, such as 
the polystyrene concentration in the initial casting solution and the spinning speed. By 
decreasing the concentration of PS, film thicknesses below 50 nm can be achieved 
(Table 1). In order to obtain 25 nm film thickness, increasing of the spinning speed to 
1700 rpm was necessary to preserve homogeneity of the polystyrene thin film. 
 
Table 1. Summary of the spin-coating parameters to control the PS film thickness and the 
resulting silica cap coverage. 
PS 
Concentration 
(w/w %) 
Spinning	
speed	
(rpm)	
Spinning	
time(sec)	
PS	layer	
thickness	
(nm)	
Coverage	
by	the	cap	
(%)	
1	 1500	 20	 50	 33	
0.5	 1500	 20	 33	 50	
0.5	 1700	 20	 25	 62	
 
 Figure 2a-c shows that controlling the PS film thickness provides an effective and 
convenient way to fine-tune the coverage of the particles. It has to be pointed out, 
however, that the final shape of the silica cap is strongly correlated to the coverage of 
the gold particle. As the coverage of the particle increases, the silica cap gets more 
truncated, leading to the most symmetric shell when the coverage is around 50% 
(Figure 2b). For lower and higher core exposure (Figure 2a-c) slightly asymmetric 
silica coverage was found, that might be attributed to the nucleation site determined 
anisometric growth at the solid/liquid interface. By using polystyrene of higher 
molecular weight, PS film thickness values are down to a few nanometre and hence 
minimal gold particle exposure should be achievable.[32] Besides the coverage of the 
core particle, controlling the silica cap growth can offer an additional way to fine-tune 
the final particle morphology. This can be realized by adjusting the contact time of the 
partially protected particles with the silica growth solution. As the reaction time 
increased under otherwise the same conditions, increasing silica cap size can be 
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observed (Figure 2d-f). Starting from the same sample, “mushroom” particles featuring 
cap thickness values of ca. 10, 25 and 60 nm could be obtained by using 4, 24 and 72 
hours contact times, respectively. The resulting cap thickness values show ±5% or less 
standard deviation for every sample. 
	
Figure 2. SEM pictures showing the side-view of the “mushroom” particles. Different cap 
coverage was acieved by changing the thickness of the polystyrene layer: 50 nm (a), 33 nm 
(b) and 25 nm (c). Different shell thicknesses achieved by adjusting the contact time with the 
growth solution: 4 (d), 24 (e) and 72 hours (f).  
 
The process can be easily implemented for larger core-particle sizes as long as they 
remain stable in the toluene solution. Results obtained for smaller (50 nm diameter) 
gold nanoparticles (see Supporting Information Figure S3.) indicate that with 
decreasing core-particle size the morphology of the silica caps shows higher shape and 
thickness variation, whereby the coverage ratio of the core particles remains highly 
uniform. This might be attributed to the decreasing size of the nucleation sites 
available during the silica growth. This finding suggest that a lower size limit might 
exist using this method for the preparation of well-defined silica caps. 
2.3. Optical properties of the “mushroom” particles 
For any usage of the final Janus particles, they should be recovered from the substrate 
e.g. by sonication assisted redispersion in a solvent like ultrapure water. During the 
plasma etching process, however, the silica cap has a protecting effect only on the 
coated hemisphere and the mPEG-SH in the lower part of the particles gets also 
degraded. Hence, straightforward recovery of the particles is only possible when a 
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post-synthetic PEGylation was performed out. This was implemented by soaking the 
substrate with the particles into the aqueous solution of the same mPEG-SH moiety 
that was used during the particle synthesis. Sonicating enables then recovery of the 
particles. Despite the low number density of the particles at the substrate, a very weak 
– but measureable – optical signal can be recorded (Figure 3a). Compared to the 
starting, PEGylated gold nanoparticles, the extinction spectrum reveals a clear redshift 
of the localized plasmon resonance peak owing to the higher refractive index of the 
asymmetric silica cap.[33] Simulation data also confirm that the redshift can be 
attributed to the presence of a silica shell (see Supporting Information Figure S4). The 
SEM image recorded by drop-casting the sample confirms the presence of the silica 
cap after the redispersion process (Figure 3b).  
 
Figure 3. Ensemble optical spectra recorded in water of the PEGylated reference particles and 
the silica coated “mushroom” particles after sonication aided removal from the substrate (a). 
SEM images of the “mushroom” particles after drop-casting from aqueous solution. The inset 
shows a magnified image of the particles clearly showing the presence of the silica cap (b). 
Coverage: 33%, shell thickness: 25 nm. 
 
To be able to perform correlated optical and scanning electron microscopy 
measurements and hence more direct information on the structure-optical properties 
relationship, single particle characterization was carried out on the nanoparticles 
located at the substrate. Janus particles with two different geometries have been 
investigated, where the coverages are 33 (Figure 4a) and 50% (Figure 4b), respectively. 
Correlated SEM investigations enable that only the optical signal originating from well 
separated and well defined single particle scatterers are taken into account (Figure 4c-
f). The averaged single particle spectra are shown in Figure 4g and reveal a clear 
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difference in the scattering spectra depending on silica cap morphologies. Compared to 
the reference sample (Au core particle, having been processed in the same way as the 
capped particles but skipping the silica coating step), the presence of the shell induces 
a 20 and 27 nm redshift of the dipole resonance peak for the 33 and 50 % coverages, 
respectively. The higher redshift observed for the 50% covered particle can be 
attributed to the higher coverage of the core particle.  
	
Figure 4. Side-view (a,b) and top-view (c,d) SEM images of the measured particles 
using 33 and 50 nm polystyrene film thicknesses. Dark field scattering optical images 
(e,f) of the same areas. Arrows mark the individual particles used to obtain single 
particle scattering spectra. Averaged and normalized single particle scattering spectra 
(g). A plain PEGylated nanoparticle of the same size after the same process is also 
shown as reference. The inset shows the magnified region around the resonance peak 
for each individual spectra.  
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The inset in Figure 4g shows a magnified view of the individual resonance peaks that 
were obtained for the particles marked by the arrows in Figure 4c-f. For a given 
particle type there is only a minor variation in the scattering spectrum. This on the one 
underlines the size/shape homogeneity of these particles, on the other it also shows that 
the key parameter determining the optical response is indeed the different silica cap 
morphology.  
 
Figure 5. Simulated single particle spectra obtained for the reference particles (no coating), 
and the particles having 50 and 33% core-particle coverage by the silica cap after 
normalization (a). Near-field intensity maps obtained at their respective resonance peak 
maxima for the particles with 50 (b) and 33% (c) coverage. The inset shows the magnified 
region around the resonance. Angle of incidence: 80°; substrate refractive index: 1.52. 
 
The role of the silica cap is also verified by the simulation data. Figure 5a shows the 
simulated scattering spectra for the two particle geometries, together with the reference 
spectrum. During the calculations only TM excitation (p-polarized illumination) was 
taken into account, since its contribution to the scattering cross-section is about 2 
orders of magnitude larger compared to the TE excitation (s-polarized illumination).  
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Additionally, using the current experimental setup, the contribution of the p-polarized 
light to the excitation is also about an order of magnitude higher.[34] The observed 
redshift of the two resonance peaks measures 18 and 20 nm, respectively. Comparing 
the measured and simulated spectra two main conclusion can be drawn. First, there is a 
qualitative agreement between the measured and simulated spectral shifts due to the 
silica cap, in both cases thicker silica shell causes a larger redshift of the spectrum. 
Second, the actual peak-position values for all particle types are found at longer 
wavelength than for the measurements.  
For the first, the qualitative agreement between the experimental and theoretical shift 
can be attributed to the well-defined structure of “mushroom” particles due to the 
preparation process. The difference between the two peak positions corresponding to 
the two different particle types is rather small. This is in agreement with earlier 
simulation results on similar particle geometries, which also indicate that the extent of 
redshift due to partial silica coating is rather modest.[35] Our results can be well 
explained based on the developing near-field distribution around the particles due to 
dark-field illumination (Figure 5b,c). For the given experimental setup, dark-field 
excitation impinges on particles at a large angle of incidence (∼80°). Using this angle 
of incidence in the calculation, a strong interaction with the substrate develops, leading 
to a large field enhancement in the region underneath the particles.[36] In the cap 
region, however, most of the near field effectively decays over the distance covered by 
the silica shell thickness. Hence, coverage will play the determining role in the 
redshift, while the silica shell thickness should not influence the peak position due to 
the large angle of incidence on the other hand, already at 33% coverage most of the 
near-field decays within the shell, and the increase to 50% will have only a small effect 
compared to the substrate.  
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For the second, the systematic redshift of the experimental data suggests that the actual 
medium around the particles might possess higher refractive index as anticipated. It 
can be speculated, that underneath the particles trace amount of PEG, polystyrene or 
their degradation product is present due to the incomplete removal by the plasma 
etching. Capillary condensation might be the other reason for a higher dielectric 
constant in this region,[37] since the scattering spectra were collected under ambient 
condition. These factors might be also responsible for the larger measured spectral 
difference between the two different coverages when compared to the simulation 
results. More detailed and targeted investigations are needed to clarify the origin of the 
systematic redshift. 
3. Conclusion 
In the present work gold nanoparticles partially covered by a silica cap have been 
prepared and characterized by correlative scanning electron microscopy and single 
particle spectroscopy. The partial coverage was achieved via interfacial templating, by 
protecting part of the gold surface by a polystyrene thin film, that was effectively 
masking the immersed part of the particles during solution based silica shell growth. 
The presented approach allows the preparation of particles with well-defined geometry. 
Precise control over the resulting particle geometry, that is coverage and silica shell 
thickness can be achieved by fine-tuning the polystyrene film thickness and the silica 
shell growth time. The optical spectrum of the particles can be tuned by the parameters 
of the silica shell; a good agreement between single particle scattering spectra and 
finite element simulation data was found. Due to the well-defined structure of the 
particles, and readily available well-established protocols for gold and silica surface 
modification, the prepared particles are excellent candidates for fundamental studies in 
programmed self-assembly of patchy nanoparticles at the nanoscale. Due to the gold 
core, optical readout of the assembly process should be feasible relying on the well-
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known optical effects of plasmon coupling and resonance shift monitoring. Decoration 
of the hybrid particles with biological and/or fluorophores can find also application in 
the field of theranostics. 
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4. Experimental 
 
Materials 
Sodium citrate tribasic dihydrate (ACS reagent, ≥99%), cetyltrimethylammonium 
bromide (CTAB, 99%), sodium borohydride (NaBH4, 99%), L-ascorbic acid (AA, 
>99%), potassium iodide (KI, >99%), tetrachloroauric acid trihydrate (99.9%), 
tetraethylorthosilicate (TEOS, 98%), ammonium hydroxide solution (NH3, ACS 
reagent 28-30%), toluene (CHROMASOLV®, for HPLC, 99.9%), polystyrene 
(280kDa) were purchased from Sigma-Aldrich. mPEG-SH (5kDa) was obtained from 
Rapp Polymere GmbH. Ethanol (EtOH, absolute) were purchased from VWR.  
Synthesis and PEGylation of the AuNPs 
Gold NPs with the diameter of 66 nm were prepared according to a seed-mediated 
protocol.[38] For PEGylation, 20 ml of the as-prepared sol was treated with mPEG-SH 
(0.1 g in 1 ml Milli-Q water) for 2h. In the next step, the PEGylated particles were 
purified with three cycles of centrifugation (10 min, 3000 rcf) and redispersion in 20 
ml EtOH. 
Submonolayer preparation and site-selective silica coating 
The PEGylated AuNPs dispersed in EtOH were transferred into 0.5 or 1 w/w% PS in 
toluene. This was spin-casted on a Si or glass substrate. Spin parameters were 
optimized so that the thickness of the resulting PS layer was smaller than the diameters 
of the AuNPs (see Results and Discussion part for details). The substrate with the 
partially masked gold particles was immersed in a silica growth solution consisting of 
3.7 ml EtOH, 0.9 ml Milli-Q water; 0.067 ml NH3 and 0.1 ml 1% TEOS in EtOH. The 
concentration of the TEOS was set to be under the critical value of homogeneous 
nucleation.[39] The silica cap growth was allowed to proceed 4, 24 or 72 hours in order 
to produce different (10, 30 and 60 nm) shell thickness. The substrate was rinsed with 
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EtOH and dried in a nitrogen stream. The last step was the removal of the polystyrene 
film by performing plasma treatment for 3 min (Harrick PDC-32G). 
Characterization techniques 
Scanning electron microscope (SEM) images were obtained using Zeiss LEO field 
emission scanning electron microscope operated at 5 keV acceleration voltage. 
Ensemble optical spectra in solvent were measured by a Thorlabs CCS200 fibre 
coupled VIS spectrometer. Single particle spectroscopy was carried out using a custom 
built setup, consisting of an Olympus BX51 optical microscope combined with an 
imaging spectrograph (Horiba Jobin Yvon CP140) and a high sensitivity TE-cooled 
CCD camera (Andor iKON-M). Single particle spectra were recorded using a 100x 
dark-field microscope objective (NA=0.9) in epi dark-field illumination mode. 
Simulated spectra were obtained by finite element method (FEM) using the RF Module 
of COMSOL Multiphysics (v4.3a) based on the modification and expansion of an 
existing model (Model ID: 14443). The scatterer particle geometry was constructed 
based on the sizes obtained from the SEM measurements. The far-field scattering was 
obtained by restricting the integration of the outward scattered power flux density 
(Poynting) in the far-field over a spherical surface to an area which is defined by our 
numerical aperture (NA=0.9), that is by the collection cone of the objective. The 
obtained scattered power is divided by the monitor (integration) area to obtain 
scattered intensity. This is normalized between 0 and 1 and serves as the input data for 
Figure 5a. The p-polarized (TM-mode) plane wave illumination was implemented at 80° 
angle of incidence; substrate refractive index of 1.520 was used (no substrate absorption). 
The dielectric function of gold was obtained from Olmon et. al.[40]  
Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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Janus nanoparticles featuring „mushroom“ like morphology consisting of a gold particle 
core and a silica cap are fabricated by interfacial templating approach. Excellent control over 
the silica shell morphology (coverage and thickness) is achieved by partial masking of the 
core-particle by a polymer thin film during wet-chemical silica growth. The precision of the 
preparation process is confirmed by correlative scanning electron microscopy and single 
particle spectroscopy measurements. 
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